At neuronal excitatory synapses, two major subtypes of the synaptic adhesion molecule neuroligin are present. These subtypes, neuroligin 1 and neuroligin 3, have roles in synaptogenesis and synaptic maintenance that appear largely overlapping. In this study, we combine electrophysiology with molecular deletion and replacement of these proteins to identify similarities and differences between these subtypes. In doing so, we identify a subtype-specific role in LTP for neuroligin 1 in young CA1, which persists into adulthood in the dentate gyrus. As neuroligin 3 showed no requirement for LTP, we constructed chimeric proteins of the two excitatory neuroligin subtypes to identify the molecular determinants particular to the unique function of neuroligin 1. Using in vivo molecular replacement experiments, we find that these unique functions depend on a region in its extracellular domain containing the B site splice insertion previously shown to determine specificity of neurexin binding.
INTRODUCTION
As a class of cells, neurons are unmatched in the variety of cellular processes that they display-from migration, dendrite and axon development, and targeting, to synaptogenesis, spiking, synaptic homeostasis, and plasticity. Diversity within the proteome of a neuron is central to this wide range of abilities, with proteins specialized for each individual function. Yet, within the milieu of the proteome are families of related proteins, similar in sequence, but encoded by distinct genes. Determining redundancy and specialization within these families of proteins can be a challenge, as the presence of a shared function among a family of proteins under experimental constraints does not prove the lack of endogenous specialization in vivo any more than the presence of a unique response to an experimental constraint proves that specialization necessarily exists.
In humans, four major genes encode for a family of proteins termed neuroligins. These single-pass transmembrane proteins are found at postsynaptic sites, where they support the formation and maintenance of synapses through both intracellular, as well as trans-synaptic interactions (Washbourne et al., 2004) . A cursory look at the neuroligins reveals high sequence and structural homology and a shared major binding partner in presynaptic neurexin (Ichtchenko et al., 1996) . Indeed, this similarity is borne out functionally, as all of the neuroligins promote the formation and maintenance of synapses (Chih et al., 2005; Levinson et al., 2005) . However, some notable differences have begun to emerge between the neuroligins, suggesting divergent roles for the individual members of this family.
Most dramatically, differences exist between neuroligin subtypes with regard to expression patterns at excitatory and inhibitory synapses, with neuroligin 1 (NLGN1) and neuroligin 3 (NLGN3) found at excitatory synapses and neuroligin 2 (NLGN2) and NLGN3 found at inhibitory synapses (Budreck and Scheiffele, 2007; Song et al., 1999; Varoqueaux et al., 2004) . However, beyond the broad excitatory/inhibitory divide, subtle differences exist specifically between the two major neuroligin subtypes found endogenously at excitatory synapses, NLGN1 and NLGN3. Notably, NLGN1 knockout animals have been shown to have deficits in memory (Blundell et al., 2010; Kim et al., 2008) , while NLGN3 has been more strongly linked to autism and impairments in social behavior (Radyushkin et al., 2009 ). Yet, little has been done to directly compare the physiological roles of these two proteins.
In the present study, we explored for possible functional differences between NLGN1 and NLGN3. Using a variety of in vivo and in vitro techniques combining both knockdown and molecular replacement of the subtypes, we present differences in the physiological roles of these two proteins, most strikingly with respect to plasticity. Specifically, we find that NLGN1 has a clear role in the support of LTP in the hippocampus-in young CA1, but extending into adulthood in the dentate gyrus-a role that is not shared by NLGN3. We provide the first molecular dissection of the physiological differences between these neuroligin subtypes at excitatory synapses and find that the unique functions of NLGN1, both the potency of its synaptogenic phenotype and its role in LTP, depend on the inclusion of the B splice insertion site in its extracellular domain.
RESULTS

NLGN1 Is Exclusively Required for LTP in the Adult Dentate Gyrus
We began this subtype comparison of the excitatory neuroligins by testing for a differential role in the support of adult plasticity.
To do so, lentiviruses were produced to express previously validated microRNAs targeting NLGN1 (NLGN1 miR) or NLGN3 (NLGN3 miR). In control experiments using dissociated hippocampal neurons, both constructs were shown to reduce their respective target transcripts by greater than 95% ( Figure S1A ). These viruses were stereotaxically injected into the hippocampi of 4-week-old rats. Ten to twelve days later, acute slices were taken and simultaneous recordings were made from virally transduced neurons and neighboring control cells in either area CA1 or the dentate gyrus ( Figure 1A) .
In area CA1, knockdown of NLGN1 had no effect on LTP (Figure 1B ). However, a strikingly different phenotype was found in another region of the hippocampus, the dentate gyrus. Knockdown of NLGN1 in dentate granule cells resulted in a complete elimination of LTP ( Figure 1C) . Knockdown of NLGN3, like that of NLGN1, had no effect on LTP in area CA1 ( Figure 1D ). Yet unlike NLGN1, knockdown of NLGN3 also had no effect on LTP in the dentate gyrus ( Figure 1E ). These results provide evidence in support of a requirement for NLGN1 in LTP in the dentate gyrus and establish a unique subtype difference between the two neuroligins.
To further examine the effect of single neuroligin subtype loss on excitatory synapses, we compared the amplitude of excitatory currents in transduced and control cells with each of the miRs in both hippocampal regions. Like LTP, neither AMPAR-nor NMDAR-mediated currents were affected in area CA1 by the NLGN1 miR (Figures 1B 0 and S1D). However, in dentate granule cells, NLGN1 knockdown substantially reduced both AMPAR-and NMDAR-mediated currents ( Figures  1C 0 and S1D). Knockdown of NLGN3 resulted in a phenotype with the same regional dependence-no effect on excitatory currents in area CA1, but reductions in both AMPAR-and NMDAR-mediated currents in the dentate gyrus-although the reductions were of a smaller magnitude than those following knockdown of NLGN1 (Figures 1D 0 -1E 0 and S1C-S1E). Interestingly, while knockdown of either neuroligin resulted in reductions of synaptic strength in the dentate gyrus, only knockdown of NLGN1 affected LTP. Thus, it would appear that there is a segregation of neuroligin function whereby loss of either NLGN1 or NLGN3 leads to reductions in synaptic currents, whereas only loss of NLGN1 prevents the induction of LTP. and also results in baseline reductions of both AMPAR-(p < 0.001, n = 16) and NMDAR-mediated (p < 0.005, n = 9) currents. Graphs and sample traces are analogous to those in (B). (D and D 0 ) Knockdown of NLGN3 does not affect LTP (n = 9 ctrl, 7 expt) or baseline currents (AMPAR: p > 0.05, n = 13; NMDAR: p > 0.05, n = 10) in CA1 and also (E and E 0 ) does not affect LTP in dentate gyrus (n = 7 ctrl, 7 expt), but does reduce both AMPAR-(p < 0.001, n = 15) and NMDAR-mediated (p < 0.01, n = 12) currents. As in (B), traces show representative currents from control (in black) and experimental cells (in green) before and after LTP induction (scale bar: 100 pA/20 ms). Paired recordings used to generate baseline bar graphs shown in Figure S1 .
Reduction of NMDA Currents by NLGN1 Knockdown Is Due to a Loss of Synapses Because we observed a reduction in NMDAR-mediated current along with a loss of LTP in cells expressing the NLGN1 miR, we wanted to test whether the LTP deficit was due simply to a reduction in NMDAR signaling at individual synapses. The induction of LTP using a pairing protocol is entirely dependent on Ca 2+ influx through NMDARs (Nicoll et al., 1988) , therefore, a condition that reduces the number of NMDARs per synapse would be expected to display an LTP deficit. However, the induction of LTP using a pairing protocol operates on a synapse-by-synapse basis (Isaac et al., 1996; Matsuzaki et al., 2004) . If the knockdown were to result in whole-synapse loss, LTP would still be normal in the remaining synapses. A key issue, therefore, is whether the NMDAR content is altered at individual synapses.
We first addressed this functionally, by collecting mixed spontaneous AMPAR-and NMDAR-mediated currents at À70 mV in the absence of external Mg 2+ , then washing on APV and collecting the pure AMPAR-mediated currents. The pure AMPAR currents were then subtracted from the mixed currents to give a pure NMDAR-mediated spontaneous current. We performed these experiments using simultaneously recorded NLGN1 miRexpressing neurons and neighboring control cells in the dentate gyrus and collected both evoked and spontaneous currents, using the evoked currents to assess the validity of the technique. The stimulation-evoked, subtracted NMDAR-mediated currents in NLGN1 miR expressing cells were reduced, as expected, compared to control cells (Figures 2A and 2B) . Moreover, the magnitude of the reduction was identical to that found when NMDAR currents were measured at +40 mV in the previous experiment (as percent of control, +40 mV, 32.12 ± 5.26; subtracted 23.4 ± 4.92; p > 0.05), thus providing validation of the technique. Furthermore, neither the charge transfer of the NMDAR current as a percent of the total charge transfer of the mixed AMPAR/NMDAR current nor the kinetics of the NMDAR current were altered in the evoked response ( Figures 2C and 2D ). We next analyzed the spontaneous currents in these same cells ( Figure 2E ) and found a dramatic reduction in the frequency of spontaneous events ( Figure 2F ), but no change in amplitude of either the mixed current, the pure AMPAR current, or the pure, subtracted NMDAR current ( Figure 2G ). Like the evoked current, knockdown did not affect the percentage of spontaneous charge transfer accounted for by NMDA current ( Figure 2H ). We consequently conclude that the reduction in evoked NMDAR currents is functionally due to an all-or-none loss of synapses, while the remaining synapses have normal numbers of NMDARs.
To complement the functional evidence for an all-or-none loss of synapses following neuroligin knockdown, we examined spine density. Following knockdown of NLGN1, we filled transduced dentate granule cells and neighboring control cells with fluorescent dye and imaged their dendrites ( Figure 2I ). We observed a reduction in spine density in NLGN1 miR expressing cells as compared to control ( Figure 2J ) of a similar magnitude to the reduction in evoked currents. Spine density in dentate granule cells following the knockdown of NLGN3 was also reduced, confirming that synaptic loss is a general response to neuroligin knockdown ( Figures S2A and S2B ).
Finally, we performed a coefficient of variation analysis on the paired evoked recordings following neuroligin knockdown. This provides yet another test to discriminate changes in the quantal size, q (the magnitude of response to a quanta of transmitter or, physiologically, the number of receptors per synapse), from changes in quantal content, N x P r (the number of release sites multiplied by the probability of release or, restated, the number of functional synapses on a given trial that contribute to the postsynaptic response). Further explanation of this analysis can be found in the Supplemental Experimental Procedures. In the case of NLGN1 knockdown, both the AMPAR-and NMDAR-mediated components of the EPSC yield points that vary along the 45 line, consistent with changes in the number of functional synapses rather than a change in the number of receptors per synapse ( Figure 2K ). NLGN3 knockdown in the dentate gyrus displayed a similar dependence on quantal content ( Figure S2C ). Thus, each of these converging lines of evidence points to an all-or-none loss of synapses rather than a within-synapse loss of receptors as the mechanism of the reduction in EPSC magnitude following knockdown of neuroligin. Therefore, the LTP deficit observed upon knockdown of NLGN1 is not due to a simple loss of NMDAR-mediated Ca 2+ influx, but rather a more intrinsic effect of NLGN1 on the plasticity of a synapse.
Subtype-Specific Synaptic Phenotype of NLGN1 Expression Is Dependent on a Region in the Extracellular Domain
Given the clear segregation of function between NLGN1 and NLGN3 with respect to plasticity, we next asked whether discrete sub-domains within the proteins account for this difference. We constructed chimeric proteins of NLGN1, substituting in domains of NLGN3 to identify any regions that confer phenotypic differences. We screened these chimeras by overexpression in hippocampal organotypic slice cultures. Using biolistics to sparsely transfect hippocampal neurons, we coexpressed a NLGN, wild-type or chimera, with three chained microRNAs targeting NLGNs 1-3 to knock down endogenous neuroligins. This knockdown background was previously shown to be crucial for assessing effects of mutated neuroligin constructs (Shipman et al., 2011) . As in previous recordings, experimental cell currents are always compared to simultaneously recorded untransfected cells.
Since LTP in the dentate gyrus has been shown to have a postsynaptic mechanism (Colino and Malenka, 1993) , one might expect these two neuroligins to differ with respect to the intracellular scaffolding of postsynaptic proteins. Therefore, we first constructed chimeric neuroligins of NLGN1 and NLGN3 with the extracellular domain of NLGN1 and the intracellular domain of NLGN3 and vice-versa to test the relative contribution of these two domains to the phenotypic differences between the neuroligin subtypes. We used the magnitude of enhancement of NMDAR-mediated currents as our readout given that NLGN1 expression more potently enhances the NMDAR-mediated currents than NLGN3 ( Figures 3A and 3C ). As both neuroligins enhance AMPAR-mediated currents, an enhancement of the AMPAR-mediated current was a requirement for all chimeras included in this analysis. Surprisingly, we found that the phenotypic difference between NLGN1 and NLGN3 segregated with the extracellular rather than the intracellular domains. Specifically, a chimera containing the extracellular domain of NLGN1 with the intracellular domain of NLGN3 (NLGN1-TM-NLGN3) enhanced NMDAR-mediated current to the same degree as full-length NLGN1, while the reverse chimera (NLGN3-TM-NLGN1) exactly mimicked full-length NLGN3 ( Figures 3A  and 3D ). Thus it would appear that the extracellular domains of these neuroligins largely account for the subtype differences in phenotype, while the intracellular domains are exchangeable.
To narrow in on the specific region within the extracellular domain that might account for the unique properties of NLGN1, we constructed six additional chimeras with increasingly more of the NLGN3 extracellular domain and less of NLGN1. We found that chimeras containing at least 326 amino acids from the extreme N terminus of NLGN1 possessed the typical NLGN1 NMDAR enhancement, whereas chimeras that contained less than 254 amino acids of the NLGN1 N terminus instead displayed NLGN3 type NMDAR enhancement ( Figures 3A and 3E) . The difference between NLGN1 and NLGN3 in the region between amino acids 326 and 254 includes an alternatively spliced insertion in NLGN1 previously termed the site B (Ichtchenko et al., 1995;  Figure 3B ). Interestingly, inclusion of this B site has been shown to determine the specificity with which NLGN1 binds to specific splice variants of neurexin (Boucard et al., 2005) . We tested an additional mutant of 
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A Role for the NLGN1 Extracellular Domain in LTP NLGN1 with a deletion of eight amino acids in the B site and found that it indeed possessed a NLGN3-type NMDAR enhancement phenotype ( Figure S3 ).
In Vivo Molecular Replacement Reveals that the Extracellular B Site of NLGN1 Is Required for LTP
We have demonstrated that NLGN1, but not NLGN3, is required for LTP in the adult dentate gyrus, but not adult CA1, and that at least some aspects of the phenotypic difference between expression of NLGN1 and NLGN3 are due to the B site insertion in the extracellular domain of NLGN1. What remains is to determine why NLGN1 is required for LTP in dentate gyrus and not CA1 and whether the B site has ramifications for LTP as well as the baseline synaptogenic phenotype of NLGN1. It has been shown that the dentate gyrus, one of two sites in the brain that incorporates substantial adult born neurons throughout life, remains more plastic into adulthood, perhaps accounting for the susceptibility to loss of a synaptogenic molecule (reviewed in Deng et al., 2010) . Indeed, previous reports indicate that halting adult neurogenesis reduces the expression of LTP in the dentate gyrus (Massa et al., 2011; Singer et al., 2011) . Perhaps then CA1 neurons would be susceptible to a knockdown of NLGN1 at an earlier developmental time point when the initial connections are still forming.
To test this hypothesis we switched to in utero electroporations. By introducing the NLGN1 miR construct in utero we can check the basal state of synaptic currents and LTP in cells lacking NLGN1 at a very young age ( Figure 4A ). The additional advantage of the in utero electroporations is that we can efficiently coexpress a replacement neuroligin construct along with the NLGN1 miR, a manipulation that we could not achieve in the adult due to the limited packaging size of a lentivirus. Consistent with a developmental function for NLGN1 in the support of LTP, we found that LTP was abolished in NLGN1 miR expressing CA1 pyramidal neurons at this young time point ( Figure 4B ). Moreover, like the adult dentate granule cells, but unlike adult CA1 cells, AMPAR-and NMDAR-mediated currents were reduced by the expression of the NLGN1 miR in young CA1 ( Figures 4B  0 and S4A ). Given this susceptibility of LTP in young CA1 pyramidal neurons to knockdown of NLGN1 and the fact that in utero electroporations are amenable to molecular replacements, we next tested whether inclusion of the extracellular B site, shown to account for the phenotypic difference in slice culture, would also account for the differential subtype roles in LTP. We coexpressed the NLGN1 miR construct with two different neuroligin chimeras: NLGN1-326-NLGN3, which contains the B site insertion and is phenotypically similar to NLGN1, or NLGN1-254-NLGN3, which lacks the B site insertion and is phenotypically similar to NLGN3. We found that replacement with NLGN1-326-NLGN3 rescued LTP in these young CA1 pyramidal neurons, whereas replacement with NLGN1-254-NLGN3 did not rescue LTP (Figures 4C and 4D) . Each replacement construct rescued the reduction in AMPAR-and NMDAR-mediated synaptic currents that accompanied the knockdown of NLGN1 (Figures 4C 0 , 4D 0 , S4B, and S4C) and, again using coefficient of variation analysis, all changes in amplitude found with both the knockdown and replacements were consistent with changes in quantal content rather than alterations in the number of receptors per synapse ( Figure S4D ). Thus, it would appear that, at these synapses, the presence of the B site insertion in NLGN1 is a defining characteristic of an LTP-competent synapse. 
DISCUSSION
This study provides a detailed analysis of the subtype specific role of neuroligin in hippocampal LTP. We find that the presence of NLGN1 containing the alternatively spliced B site insertion is a requirement for the expression of LTP in young CA1 pyramidal cells at a time when initial synaptic connections are being made in abundance. Interestingly, this requirement for NLGN1 persists into adulthood in the dentate gyrus, where the incorporation of adult born neurons requires ongoing synaptic formation and remodeling. The other major neuroligin found at excitatory synapses, NLGN3, which lacks the B site insert, clearly has a function in the formation or maintenance of synapses, but is not required for the support of LTP. The resistance of adult CA1 pyramidal neurons to knockdown by either neuroligin subtype is interesting. It may be that, in these more mature neurons, the diversity and expression level of other postsynaptic adhesion molecules is quite high, diminishing the response to the loss of any one subtype. A variety of other molecules occupy a similar niche to that of neuroligin including the LRRTM family (Linhoff et al., 2009 ) and CL1 (Boucard et al., 2012) . While our lentiviral-expressed targeting sequences against each neuroligin were quite effective in a mixed hippocampal cell culture, it is possible that knockdown efficiency would differ in vivo, which we were unable to assess directly. Finally, stable adult CA1 synapses may be less susceptible to the loss of neuroligin than the newly created or rapidly remodeling synapses found in young CA1 or the dentate gyrus.
In the present study, we found that loss of neuroligin in adulthood led to a reduction in the number of synapses rather than a reduction in the number of AMPA or NMDA receptors per synapse. This is consistent with our previous finding, showing a loss of whole synapses upon knockdown of NLGNs1-3 in organotypic hippocampal slice culture (Shipman et al., 2011) . However, other studies have reported changes in the AMPA/ NMDA ratio in the NLGN1 knockout which is at odds with these results (Chubykin et al., 2007; Soler-Llavina et al., 2011) . This difference could be the result of differences in methodology, particularly the difference between whole brain germline knockouts and sparsely expressed RNAi or the use of paired recording to individually measure changes in AMPAR-and NMDARmediated currents versus the use of AMPA/NMDA ratios.
Others have reported impairment of LTP following NLGN1 manipulations. Blundell et al. (2010) reported diminished LTP in a NLGN1 knockout mouse using field potential recordings in CA1, while another group found a loss of LTP in the amygdala following knockdown of NLGN1 (Jung et al., 2010; Kim et al., 2008) . In each of these cases, however, unlike the present study, the manipulation caused apparent changes in NMDAR functioning and therefore the LTP effects were attributed to the loss of the NMDA-mediated inductive Ca 2+ influx.
It was quite unforeseen that the major difference in phenotype between overexpressed NLGN1 and NLGN3 would reside in the extracellular domain. This domain is known to mediate both cis and trans interactions. Specifically, homo-and heterodimerization have been described as well as binding to the presynaptic neurexins (Araç et al., 2007; Fabrichny et al., 2007) . Based on our chimeric analysis and in vivo molecular replacement experiments, it is likely that the alternatively spliced insertion at site B in the extracellular domain of NLGN1 is responsible for its unique functions. Of the neuroligins, only the NLGN1 gene contains the possibility of an insertion at the B splice site, which affects the specificity of neurexin binding. Specifically, NLGN1 containing the B insertion binds preferentially to b-neurexins lacking an insertion at splice site 4 and does not bind the longer form a-neurexins (Boucard et al., 2005) . The presence of the B site in neuroligin likely has ramifications for the function of the protein, with a number of previous studies reporting different altered phenotypes of NLGN1 containing the B site that include a more potent synaptogenic phenotype (Boucard et al., 2005) , a stronger bias toward excitatory synaptic formation (Chih et al., 2006) , and differences in the rate of presynaptic induction . However, the role of the B site in normal physiological function remains unknown. Here we show, for the first time, a physiological consequence of the B site insertion on synaptic plasticity. We propose that this effect is among the first hard evidence for the emerging model that neuroligin subtypes (along with other postsynaptic adhesion molecules) form a trans-synaptic code via their specific binding to the numerous alternatively spliced variants of neurexin-a code that specifies particular synaptic properties, in this case competence to undergo synaptic plasticity.
EXPERIMENTAL PROCEDURES
Further detail for each section provided in the Supplemental Experimental Procedures.
Experimental Constructs
RNAi targeting sequences have been previously characterized as have RNAiproof versions of NLGN1 (mouse) and NLGN3 (human) (Chih et al., 2005; Shipman et al., 2011) . Variants of these constructs were generated using standard cloning techniques.
Lentiviral Production and Stereotaxic Injection
Lentiviral particles for the viral expression of NLGN1 miR and NLGN3 miR were produced in HEK293T cells and injected bilaterally into the medial hippocampi of 4-to 5-week-old rats.
In Utero Electroporations
In utero electroporations were performed as previously described with minimal adjustments to achieve hippocampal expression (Walantus et al., 2007) .
Hippocampal Slice Preparation
Acute slices were prepared from adult rats 10-12 days after virus injection or young rats from p11 to p15 after in utero electroporation. Hippocampal organotypic slice cultures were prepared from 6-to 8-day-old rats as previously described (Stoppini et al., 1991) and transfected using biolistics.
Anatomy and Imaging
For spine imaging, cells were filled via a patch pipette with Alexa Fluor 568 (Invitrogen) and imaged using confocal microscopy.
Electrophysiological Recording
Synaptic currents were elicited by stimulation of either the Schaffer collaterals or perforant path when recording from CA1 cells or dentate granule cells, respectively. AMPAR-and NMDAR-mediated responses were collected in the presence of 100 mM picrotoxin and 10 mM gabazine to block inhibition. LTP was induced via a pairing protocol of 2 Hz stimulation for 90 s at a holding potential of 0 mV.
